Isopenicillin N synthetase (IPNS) from Acremonium chrysogenum was photolabelled by laser-flash photolysis in the presence of a diazirinyl-containing substrate, 2- 
INTRODUCTION
Isopenicillin N synthetase (IPNS) is the enzyme responsible for the conversion of L-ac-aminoadipoyl-Lcysteinyl-D-valine (ACV) (Ia) into isopenicillin N (IIa) by both filamentous fungi (e.g. Acremonium chrysogenum) and streptomycetes (Scheme 1) [1] . In studies aimed at understanding the nature of the enzyme-catalysed reaction, IPNS has been shown to convert a wide variety of analogue substrates into /3-lactams, thereby providing routes to a range of new antibiotics [1] . IPNS has been cloned and expressed in an active form at high concentrations in Escherichia coli (approx. 20 % of total protein) [2] . Although its amino acid sequence is known, there are no data currently available about the three-dimensional structure of IPNS.
It has previously been shown that analogues of ACV with aromatic side chains [e.g. phenoxyacetyl-L-cysteinyl-D-valine (VCV) (lb)] are substrates for IPNS and that these substrates have similar Michaelis constants (Km) to conditions this results in poor conversion yields [3] . However, aryl-substituted substrates are more readily accessible, and produce ,-lactams of greater commercial significance than aminoadipate-derived peptides. We are therefore interested in altering the substrate specificity of IPNS via mutagenesis to favour aryl-substituted peptide substrates, and are investigating photoaffinity labelling as a means of providing relevant structural information for this and other aspects of IPNS research.
Photoaffinity labelling [4] was chosen as a suitable technique for the identification of the side-chain-binding site of IPNS. Photolysis of photoaffinity reagents generates a highly reactive species that labels regions of the protein in contact with the bound inhibitor, irrespective ofthe nature ofthe amino acid residues present. Although azides have been widely used for the photoaffinity labelling of enzymes [4] , they are readily reduced by thiols, so that their application to labelling studies of IPNS, which requires a reducing environment to remain active, was inappropriate. Diazirines, however, have found widespread utility in such work, since they are readily accessible, are chemically and thermally inert, are stable to physiological conditions and can be cleanly photolysed at wavelengths in the near u.v. [4] . Their suitability for studies with IPNS was evident, and 2-[3-(3-trifluoromethyl-3H-diazirin-3-yl)phenoxy]acetyl-Smethyloxycarbonylsulphenyl-L-cysteinyl-D-valine (DCV) (ITT) has been synthesized as a potential photoaffinity inhibitor of IPNS [5] . We here report the kinetic data for conversion of DCV into the corresponding penicillin (IV) and the successful photoaffinity labelling of IPNS with this reagent. Vol. 261
MATERIALS AND METHODS

Materials
DCV was prepared according to the literature method [5] , and reduced to the free thiol in situ with dithiothreitol (DTT). DTT and Trizma base were from Sigma Chemical Co., Poole, Dorset, U.K. ACV and 6-aminopenicillanic acid were gifts from Eli Lilly and Co., Indianapolis, IN, U.S.A., and other chemicals were from BDH Chemicals, Poole, Dorset, U.K., or Aldrich Chemical Co., Gillingham, Dorset, U.K.
Irradiations
Irradiations were performed with a mercury source (Mineralight lamp) at 254nm, or a frequency-tripled neodymium-YAG laser at 355 nm (System 2000; SK Lasers, Cambridge, U.K.). Quartz cells, either 1 mm or 1 cm path-length, were used for the irradiations. The power output of the laser at 355 nm was measured with a Photon Control (Cambridge, U.K.) power meter, and found to be 21 + 2 mJ/pulse, at a repetition rate of 10 Hz. Measurement of radioactivity Radioactivity measurements were made by liquidscintillation counting with an LKB 1215 Rackbeta instrument and LKB Optisafe scintillation fluid. Preparation of cell-free extracts containing IPNS IPNS, isolated from Acremonium chrysogenum, was prepared according to the published procedure [6] . This fungal enzyme had a specific activity of 0.023 unit (,umol/min)/mg, and was estimated to be approx. 60 0 pure by SDS/polyacrylamide-gel electrophoresis. Recombinant IPNS, cloned from A. chrysogenum, was isolated from E. coli by the published procedure [7] . This partially purified IPNS was obtained with a specific activity of 0.45 unit/mg, and was estimated to be approx. 800% pure by SDS/polyacrylamide-gel electrophoresis. Standard chemical procedures as previously described were used [5] . Melting points were recorded on a Buchi 510 apparatus and are uncorrected. I.r. spectra were recorded on a Perkin-Elmer model 681 spectrophotometer. U.v. spectra were recorded either on a Pye-Unicam PU 8800 UV-VIS spectrophotometer or a Perkin-Elmer 555 UV-VIS spectrophotometer. 1H-n.m.r. specra were recorded on a Bruker WH 300 MHz or AM 250 MHz spectrometer. Mass spectra were recorded on VG Analytical ZAB 1F MM 30F mass spectrometers.
Synthesis of benzhydryl iodoacetate (VI)
A solution of iodoacetic acid (500 mg, 2.8 mmol) in acetone (10 ml) was treated with diphenyldiazomethane (650 mg, 3.4 mmol) [10] in acetone (10 ml), and the mixture was stirred at room temperature for 2 h. The solvent was removed and the crude material was purified by flash chromatography [11] [dichloromethane/light petroleum (b.p. 60-80 0C) ( 
Synthesis of 3-(3-trifluoromethyl-3H-diazirin-3-yl)-phenoxyacetic acid (VIII)
To the ester (VII) (100 mg, 0.23 mmol) was added anisole (10 mg, 0.09 mmol), redistilled trifluoroacetic acid (2 ml) and dichloromethane (2 ml), and the mixture was stirred at room temperature for 20 min. The solvent was removed in vacuo, and the residue was treated twice with toluene, and dried under vacuum. The crude product was purified by flash chromatography [dichloromethane, then methanol/dichloromethane (1: 10, v/v)] to give the title compound) (VIII) as a white solid (30 mg, 5000 yield), m.p. 75-80 'C. 1H n.m.r.: 6 and 57 (47 %). Synthesis of (2S,5R,6R)-1-aza-3,3'-dimethyl-7-oxo-6-13-(3-trifluoromethyl-3H-diazirin-3-yl)phenoxyacetamidol-4-thiabicyclol3.2.Oheptane-2-carboxylic acid (IV) Acid (VIII) (30 mg, 0.12 mmol) in dry toluene (3 ml) and dimethylformamide (2 drops) was treated with oxalyl chloride (18 mg, 0.14 mmol) at 0 'C, and stirred for 1 h. The solvent was removed in vacuo, and the residue was dissolved in acetone (3 ml).
To a solution of 6-aminopenicillanic acid (25 mg, 0.12 mmol) in 40/ (w/v) KHCO3 (3 ml) and acetone (3 ml) was added dropwise with stirring and cooling the above acid chloride solution over 10 min, and the solution was stirred at 0°C for 1 
To a solution of S-(diphenylmethyl)-L-cysteinyl-Dvaline benzhydryl ester [5] (70 mg, 0.13 mmol), iodoacetic acid (20 mg, 0.11 mmol) and 1-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (40 mg, 0.16 mmol) in dichloromethane (1 ml) was added iodo[2-14C]acetic acid (50 ,Ci) in dichloromethane (2 ml), and the mixture was stirred at room temperature overnight. The reaction mixture was diluted with dichloromethane, washed with saturated aqueous NaHCO3 solution and with 100% (w/v) citric acid solution, and dried over anhydrous Na2SO4. The solvent was removed in vacuo, and the crude product was purified by flash chromatography [dichloromethane, then ethyl acetate/dichloromethane (1:20, v/v)] to give the title compound as a white solid (73 mg, 960% yield), which was identical by t.l.c. with an authentic sample [5] [RF 0. total volume with 50 mM-ammonium bicarbonate buffer, pH 7.9, and then bioassayed.
Photolysis of DCV
The concentration of DCV in solutions during photolyses was determined from the intensity of the diazirine absorption at 350 nm in the u.v. spectrum. This absorption decreases on decomposition of the diazirine group (see Fig. 1 ).
(i) A solution of DCV (2.5 mM) and DTT (8.4 mM) in 28 mM-Tris/HCl buffer, pH 7.7, and 14 mM-ammonium bicarbonate buffer, pH 7.9 (total volume 357,l), was irradiated at 254 nm by the Mineralight lamp, over a 2 h period at 4 'C. See Fig. 1. (ii) A solution of DCV (6 mM) and DTT (8.4 mM) in 32 mM-ammonium bicarbonate (total volume 157 #I), was irradiated at 355 nm by the neodymium-YAG laser at 10°C over 10 min. During irradiation, N2 gas was seen to be evolved. See Fig. 1 .
Photo-inactivation of IPNS by DCV
A pair of incubation mixtures was prepared. Both contained DTT (22 mM) and recombinant IPNS (0.07 mg) in 50 mM-ammonium bicarbonate buffer, pH 7.9 (total volume 157,ul); one contained DCV (6 mM) and the other did not. After preincubation at 0°C for 10 min, both of-these mixtures were irradiated at 355 nm (neodymium-YAG laser) for 6 min. Another pair of samples were also prepared as above, except that, instead of being irradiated, they were kept in the dark. The enzyme was subsequently concentrated by centrifugation in Amicon Centricon-10 microconcentrators (5000 g for 1 h at 4°C), and washed twice with 50 mM-ammonium bicarbonate (50 p1). The enzyme solution was then diluted to 200 ,1 with. 50 mM-ammonium bicarbonate; 180 ,1 of this solution was incubated with a mixture containing ACV disulphide (1.6 mM), DTT (10.5 mM), ascorbic acid (1.1 mM) and FeSO4 (0.11 mM) and made up to a total volume of 330 1ld with 50 mM-Tris/HCl buffer, pH 7.7.
The solution was shaken at 27°C for 15 min, and the yield of isopenicillin N was determined by bioassay in the usual manner. These values were used to calculate the extent of loss of activity of IPNS during irradiation in the absence or in the presence of DCV.
The dependence of photoinactivation on DCV concentration was detetmined by comparing the IPNS activity (by bioassay) of both irradiated and non-irradiated samples at different concentrations ofDCV. Samples ofIPNS were photoinactivated as described above, except that the DCV concentration was varied between 0 and 5.7mM. (total volume 330 pA), was prepared. Two fractions were taken (150 1l each), one of which was irradiated for 7.5 min (neodymium-YAG laser) and the other of which was kept in the dark. Each of these solutions contained 0.025 ,uCi of '4C radioactivity (specific radioactivity 240 mCi/mol). The molar ratio of DCV to IPNS was 4.7:1. After this treatment the protein in both solutions was concentrated by centrifugation in Amicon Centricon-10 microconcentrators (5000 g for 1 h at 4°C), and washed seven times with DTT (250 mM) in 50 mM-ammonium bicarbonate. The 14C content of the washings was determined by liquid-scintillation counting. The radioactivity content of the last wash filtrate was less than 1.2% of the 14C initially added. The protein was then purified by ion-exchange chromatography on a Pharmacia f.p.l.c. system. A Mono Q 5/5 anion-exchange column was used, developed at a flow rate of 1 ml/min at room temperature, with a linear gradient of 0-220 mMNaCl in 20 mM-Tris/HCI buffer, pH 7.7, and the eluate was monitored at 280 nm. The radioactivity content of the eluate fractions (1 ml).was determined by the addition of Optisafe (6 ml) followed by liquid-scintillation counting. The results are shown in Fig. 3 . The total radioactivity content of this modified IPNS, contained in fractions 22-25, was 11.7 pCi for the non-irradiated control, and 132 pCi for.the irradiated sample. From the A280 data, the protein recovery was calculated to be 109 ,ug (assuming that A%0 = 8.6). This corresponds to a specific radioactivity of 46 mCi/mol for the labelled IPNS. This represents a 19 % incorporation of DCV into IPNS, calculated on a mole-for-mole basis.
Protection of IPNS by ACV against photoaffinity labelling by I'4CIDCV
A mixture containing ACV (0, 1.45 or 14.5 mM), DTT (152 mM) and recombinant IPNS (2.0 mg) in 50 mM-ammonium bicarbonate buffer, pH 7.9 (total volume 280 plA), was preincubated at 20°C for 5 min.
[14C]DCV (final concentration 0.71 mM) was added to give a total volume of 330 #I, and each of the solutions divided into two fractions (150 ,ul each), one of which was irradiated for 7.5 min (neodymium-YAG laser) and the other of which was kept in the dark. Each of these solutions contained 0.025 ,Ci of 14C radioactivity (specific radioactivity 240 mCi/mol). The molar ratio of DCV to IPNS was 4.7: 1. The protein was purified by washing in Amicon Centricon-10 microconcentrators, followed by separation by ion-exchange f.p.l.c., as described above.
The eluate was monitored at 280 nm. The radioactivity content of the eluate fractions (1 ml) was determined by the addition of Optisafe (6 ml) followed by liquid-scintillation counting. The amount of IPNS protein eluted from the ion-exchange column was determined from the area of the A280 peak corresponding to IPNS. The incorporation of radioactivity per unit of IPNS protein was calculated for each sample at 0 mM, 1 RESULTS AND DISCUSSION DCV was shown to be a substrate for IPNS in the following manner. Incubation of DCV and IPNS in the absence of u.v. irradiation gave rise to a product that was antibiotically active against S. aureus by a hole-plate assay, and sensitive to penicillinase (Bacillus cereus I). DCV incubated in the presence or in the absence of cofactors and boiled IPNS showed no bioactivity. These results are consistent with enzyme-mediated formation of the expected penicillin (IV) (Scheme 2).
An authentic sample of penicillin (IV) was prepared by acylation of 6-aminopenicillanic acid with the appropriate acyl chloride (Scheme 3). The biological activity of authentic penicillin (IV) was equivalent to that of the incubation product and allowed quantification of the conversion yield of DCV. Antibiotic activity against S. aureus was found to be one-tenth that of penicillin V and 100 times that of cephalosporin C. The enzymic conversion yield of DCV was 0.25% relative to the conversion of ACV; the kinetic parameters of the conversion were determined by a stopped bioassay technique [3] . These results, which are shown in Table 1 , indicate that substitution of the aromatic ring by the photolabile group does not significantly affect the yield from the enzymic conversion (entries 2 and 3). However, both phenoxyacetyl-L-cysteinyl-D-valine and DCV gave much lower conversion yields than the natural substrate ACV (entry 1, Table 1 (Fig. 1) . However, this method of photolysis proved unsatisfactory in subsequent experiments, since the prolonged exposure to this wavelength (required to produce complete decomposition of DCV) caused up to 80 % loss of the catalytic activity of IPNS. Although literature reports have described extensive studies of the decomposition of diazirines to the corresponding carbenes by using laser-flash photolysis [12, 13] , this technique has not been widely used for photoaffinity labelling studies [14] [15] [16] [17] [18] . A frequency-tripled neodymium-YAG laser provides highintensity monochromatic light at 355 nm, corresponding closely to the diazirine absorption maximum (Amax 350 nm) but not to that of proteins (Amax. approx.
280 nm), and therefore offers the possibility of selective generation ofthe reactive carbenes. Laser-flash photolysis (pulse energy 21 + 2 mJ, repetition rate 10 Hz) of DCV gave complete decomposition of the diazirine group in 7 min under conditions that had no effect on IPNS activity (Fig. 1 ). Under these conditions IPNS was inactivated upon irradiation at 355 nm in the presence of DCV and dithiothreitol (DTT), and at least a 250-fold were labelled under these conditions. The heavy band appearing in the fluorogram at the gel front is not protein, since it does not stain with Coomassie Brilliant Blue dye. Similar examples of the incomplete specificity of photoaffinity labels for the targets for which they were designed have been reported [19] [20] [21] . In order to confirm that the incorporation of radioactivity into IPNS occurs only in the irradiated sample under these conditions, an alternative approach was adopted. In this experiment, mixtures containing IPNS and [14C]DCV (both irradiated and non-irradiated, as described above, but with the ratio of DCV to IPNS being 4.7: 1) were thoroughly washed in Amicon Centricon-10 microconcentrators, and the enzyme was isolated and purified by ion-exchange f.p.l.c. A radioactively labelled protein was isolated, which was eluted in the position expected for IPNS, and which appeared identical to both untreated IPNS and to IPNS from the nonirradiated control sample when examined by SDS/polyacrylamide-gel electrophoresis. The data are shown in Fig. 3 ; in the non-irradiated solution (-hv) there has been no uptake of radioactivity into the IPNS. The irradiated sample (+ hv) clearly demonstrates radiochemical incorporation into IPNS. Complete inhibition of IPNS activity required photolysis in the presence of a 250-fold excess of DCV. Radiochemical incorporation experiments were carried out with a lesser excess (4.7:1) of DCV to minimize non-specific labelling. Under these conditions the specific radioactivity of the labelled IPNS was found to be 46 mCi/mol, corresponding to a 190 incorporation of the label into the protein on a molar basis. This may be due to the presence of inactive IPNS in the enzyme pool.
As in the experiments with non-radioactive DCV, the specificity of labelling by [ 
